Abstract Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver and is associated with very poor overall survival. Most patients present with advanced-stage disease and are therefore not eligible for curative surgical therapies. In patients who do present with earlystage HCC, liver transplantation (LT) is an optimal curative surgical option, if the patient is eligible for LT. Most HCC develops in the background of chronic liver disease, and LT serves as a treatment for both the cancer and the underlying cirrhosis. Although the initial experience with LT for HCC was associated with a high recurrence rate and poor survival, it was later demonstrated that by limiting LT to patients with early-stage disease, excellent long-term survival could be attained. A set of size criteria termed Milan criteria (single tumor ≤5 cm or three or more tumor nodules, each ≤3 cm) has been established as the size and number cut off associated with the best post-transplant outcome for patients with HCC. Despite strict selection criteria, recurrence of HCC does occur in 10-15 % of patients. Multiple different locoregional therapies and systemic therapies such as sorafenib are being employed to prevent recurrence in patients with aggressive phenotypes but their efficacy has not been well established.
Introduction
Hepatocellular carcinoma (HCC) is a malignancy with poor prognosis and in 2012 it was the second most frequent cause of cancer-related mortality worldwide [1] . The incidence varies by region, with more than 80 % of the cancer burden in Asia and Africa. Although it is a relatively uncommon cancer in the USA, the incidence rate for new liver cancer has reported to be rising at an average of 4.1 % per year over 2002-2011 [2] , and the proportion of patients being transplanted for HCC also appears to be rising (Fig. 1) . Although the prognosis for HCC remains poor with the overall 5-year survival being less than 20 %, the treatment option associated with the best survival outcome is liver transplantation (LT), with a 5-year survival of 65-70 % [3] . Although the safety and feasibility of transplantation for HCC has been well established, several challenges remain. The optimal criteria for selecting HCC patients for LT are still being debated; the current allocation criteria appear to over-prioritize HCC patients, the role of pre-transplant bridging therapies for HCC is not clear, an ideal immunosuppression regimen in this subgroup has not been established, and the efficacy of adjuvant therapy in preventing post-transplant recurrence is still being explored. In this article, we address the above issues and review existing literature related to LT for HCC.
Eligibility for Transplantation
LT has long been considered an optimal treatment option for HCC but initial experience was not promising with very high recurrence rates and 5-year survival rates of less than 20 % [4, 5] . Subsequently, a few retrospective studies suggested that earlier stage cancers were associated with a better outcome. However, it was the landmark study by Mazzaferro et al. in 1996 that established LT as a viable treatment option for HCC [6] . They studied 48 patients who underwent deceased donor LT if they satisfied the following criteria: a) single tumor 5 cm or less in diameter or b) no more than three tumor nodules, each 3 cm or less in diameter, and c) absence of macrovascular invasion. They reported an excellent 4-year recurrence-free survival rate of 83 %. These size restrictions, now known as Milan criteria, have since been widely accepted as optimal selection criteria for LT in patients with HCC.
Some centers have considered these criteria too restrictive and have evaluated expansion of the size cut-off. The University of California in San Francisco (UCSF) proposed the UCSF criteria, which extends transplant eligibility to a single HCC ≤6.5 cm, or up to three lesions, the largest of which is ≤4.5 cm and the cumulative size of the diameters is ≤8 cm [7] . They reported that clinical outcomes of LT for UCSF criteria were comparable to those of patients meeting the Milan criteria [7] . However, these results have not been universally replicable, and a large intention-to-treat analysis of the Organ Procurement and Transplantation Network (OPTN) database reported that survival was significantly decreased in patients who exceeded Milan criteria [8] . Several other criteria have also been proposed as extended criteria for selection of patients with HCC for LT [9, 10] (Table 1) . However, until further large multicenter trials can confirm the efficacy of extending eligibility criteria, which must be considered in the context of the critical shortage of suitable donor organs, the Milan criteria will likely remain the accepted standard.
Allocation of Donor Organs
The organ shortage is a major impediment in making LT available to all eligible patients, and because there are not enough organs for all the patients who need them, specific criteria have been formulated to attempt to fairly allocate the limited number of available liver allografts. The current system of organ allocation in the USA uses the Model for End-stage Liver Disease (MELD) score to allocate liver to the most urgent patient, or "sickest first", as the MELD score is highly predictive of waitlist mortality for patients with decompensated cirrhosis. However, the MELD score is not predictive of short-term mortality in patients with HCC as these patients are more likely to succumb to cancer progression than to the underlying liver disease, though with access to timely transplantation they may have excellent long-term survival. Hence, an assigned MELD exception score has been given to patients with HCC with a tumor burden within Milan criteria, which currently begins at 22. As long as their tumor remains within Milan criteria, waitlisted patients with a MELD score exception for HCC receive an increase in their assigned score equivalent to a 10 % increase in expected waitlist mortality every 3 months until transplant.
Recent analyses of waitlist survival and drop-out rates have demonstrated that HCC patients have a higher transplant rate and lower wait-list mortality than non-HCC patients, suggesting they are over-prioritized under the current allocation system [11, 12] . In the study by Washburn et al. on patients listed between 2005 and 2008, they found that non-HCC patients had a significantly higher rate of drop-out or death on the waiting list compared with HCC patients (p<0.001) [11] . Another study included around 90,000 patients from the United Network for Organ Sharing (UNOS) database who were listed for liver transplant between 2002 and 2010. They found that patients who received MELD exception points for HCC under current policy (since April 2005) experienced reduced waitlist mortality and enjoyed an increased odds for transplantation compared with non-exception patients with equivalent listing priority [13•] . This over-prioritization of HCC has been recognized by US policy makers and various proposals to adjust the current allocation system are being reviewed with the aim to reduce the disparity in access to transplantation between patients with and without HCC [14] .
Evaluation Prior to Listing for Transplantation
To ensure patients have no evidence of distant metastasis, a thorough pre-transplant evaluation prior to listing for transplant is required [15] . In addition to the standard pre-transplant evaluation, all patients with HCC should have abdominal crosssectional imaging with computed tomography (CT) or magnetic resonance imaging (MRI) of the abdomen to ensure that the tumor size and number are within Milan criteria and also to rule out vascular invasion, metastatic disease, and tumor thrombus in the portal vein. A CT of the chest is performed to rule out lung metastases, and a bone scan is used to rule out skeletal metastasis. A biopsy of the primary tumor is not needed to make the diagnosis of HCC, as long as the characteristic imaging findings are present. The initial UNOS liver allocation policy used relatively vague language and allowed the diagnosis of HCC for lesions, which had a vascular blush corresponding to the area of suspicion seen on imaging studies. However, a retrospective analysis of UNOS data that compared the pretransplant radiologic stage with the pathologic stage of the explant, found the two to correlate only 44 % of the time [16] .
To improve radiologic diagnostic standards for HCC, OPTN recently revised the imaging criteria. Five major issues were addressed in the new policy: (a) minimum technical specifications for hardware for CT scanners and MRI units, (b) dynamic contrast material-enhanced liver imaging protocols, (c) mandatory diagnostic criteria for HCC on images, including the specification that lesions <1 cm were indeterminant, (d) reporting requirements using standardized language specific for HCC classification, and (e) requirement for interpretation of images at an OPTN-approved transplantation center [17•] . Imaging performed for HCC needs to be classified using the OPTN classification. Tumors that fit class V criteria, which have increased contrast enhancement in the late hepatic arterial phase and washout during later contrast phases, or peripheral rim enhancement (capsule or pseudocapsule), or growth by 50 % or more (on serial CT or MR images obtained ≤6 months apart) will be eligible for MELD exception points. Hypervascular lesions that are between 1 and 2 cm require washout on delayed-phase imaging and a pseudocapsule, whereas those that are hypervascular and between 2 and 5 cm require a washout on delayed-phase imaging or a pseudocapsule. The tumor has to be re-imaged every 3 months while the patient is on the waiting list to ensure that the tumor burden remains within Milan criteria.
All patients also undergo extensive blood testing, endoscopies, cardiac assessment, pulmonary evaluation, and ageappropriate cancer screening prior to transplant listing.
Bridging Therapies for Hepatocellular Carcinoma
The amount of time patients with HCC spend on the transplant list waiting for organ availability varies depending on region.
Based on OPTN data, more than 50 % of patients listed for HCC have waiting times greater than 6 months [3] . Tumor progression has been reported to lead to waiting list drop outs in 10-20 % of patients in various studies [11, 18, 19] . This has led to a consideration for regional therapies for HCC as a bridge to LT with the intention to prevent tumor progression and maintain eligibility for LT. Options available for bridging include transarterial chemoembolization (TACE), radiofrequency ablation (RFA), percutaneous ethanol injection (PEI), transarterial radioembolization (TARE), and stereotactic body radiotherapy (SBRT). The choice of locoregional therapy (LRT) depends on multiple factors including tumor size, location, multiplicity, patient preference, and individual center experience. Several studies have demonstrated that TACE can help maintain tumors within Milan criteria prior to transplant and can even improve recurrence-free survival [20] [21] [22] . TARE, SBRT, and RFA have also been shown to be successful in preventing pre-transplant tumor progression, though data are limited when compared with TACE [23] [24] [25] [26] . However, these results have not been uniformly reproducible with multiple other studies reporting no benefit in recurrence rates or posttransplant overall survival [27] [28] [29] . Regardless, more than 50 % of the patients with HCC waiting on the transplant list have been shown to have received at least one form of bridging LRT [30] . If bridging LRT is being employed, then the goal should be to achieve complete necrosis of the HCC because the presence of a residual tumor has been associated with a risk for recurrence [31] . Table 2 lists the different LRTs that have been employed as bridging therapies and includes important studies exploring their role [22-24, 26, 32-35] .
Sorafenib is an oral multi-kinase inhibitor that has been approved for the treatment of advanced HCC [36, 37] . In a retrospective study of 79 patients who received sorafenib prior to transplant, there was no increased risk for surgical complications with its use [38] . In a recent randomized controlled trial, investigators randomized HCC patients on the transplant waiting list to receive TARE or TARE + sorafenib. They observed that the addition of sorafenib to TARE necessitated dose reductions in all patients and the combination was associated with more peri-transplant biliary complications and was possibly associated with higher rates of acute rejection [39] . The role of sorafenib in pre-transplant patients is currently not clear and the existing data are inconsistent.
To summarize, the decision to consider bridging therapy should be tailored to the individual patient and should be based on tumor characteristics and predicted waiting time on the list for that region. Current consensus guidelines recommend consideration for bridging therapies in patients anticipating a potential wait time longer than 6 months [40•, 41] .
Another role for LRT therapies has been in downsizing tumors beyond Milan criteria to within Milan criteria, thus making patients eligible for transplantation. Several small studies have shown that TACE, TARE, or RFA can be successfully used to downstage large tumors [42] [43] [44] . However, there are no randomized controlled trials to confirm these findings and the natural history of these advanced-stage tumors that have been downsized is not well understood. At the present time, the international consensus guidelines do not support downsizing as a standard means to achieve transplant eligibility until more research is conducted to address drop-out rates and 5-year recurrence and survival.
Clinical Outcomes and Prognostic Factors
If Milan criteria are strictly followed in patient selection, then the post-transplant peri-operative mortality, 1-, and 5-year mortality are expected to be 3 %, <10 %, and <30 %, respectively, in deceased donor liver transplantation (DDLT) [41] . Multiple recipient-related factors such as elevated alphafetoprotein levels [45] , advanced tumor grade and stage [46] , and presence of vascular invasion [47] have been reported to influence outcome after LT. In a meta-analysis of 90 studies by Mazzaferro et al., they found the Milan criteria to be significant and independent predictors of post-transplant survival [48] . Underlying etiology for liver disease also appears to play an important prognostic role. Hepatitis C virus (HCV)-related cirrhosis is currently the most common indication for LT. Patients with HCC underlying HCV have been reported to have more advanced tumors and more advanced liver disease at the time of diagnosis of HCC when compared with hepatitis B virus [49] . As expected, this has been associated with higher recurrence rates and poorer survival in HCV-related HCC. Non-alcoholic steatohepatitis is becoming an increasingly common indication for LT. • Non-invasive.
• Targeted treatment with minimal radiation exposure
• Possible radiation-induced liver injury
• Limited data for HCC Abbreviations: TACE transarterial chemoembolization, RFA radiofrequency ablation, TARE transarterial radioembolization, SBRT stereotactic body radiotherapy, Y90 yittrium 90, HCC hepatocellular carcinoma data between 2002 and 2014 [50] , though whether this holds true for NASH patients with HCC remains to be seen. Living donor liver transplantation (LDLT) is also an option for patients with HCC. Initially, concerns regarding higher recurrence rates among patients with LDLT were raised [51] [52] [53] , though examination of explant pathology demonstrated more unfavorable tumor characteristics in LDLT recipients. The shortened waiting time for LDLT recipients may lead to patients with more aggressive phenotypes undergoing LT, rather than experiencing waitlist drop out while waiting for DDLT. As LDLT is more technically demanding than DDLT, initial reports of LDLT for HCC also included patients who were transplanted early in the center's experience with LDLT, and thus within the learning curve. Subsequent studies that have excluded the early cases and carefully controlled for a similar stage of disease have reported comparable survival and recurrence rates between DDLT and LDLT [53, 54] . A meta-analysis of seven studies with a total of 1310 participants was conducted to address the controversy [55•] . They found that LDLT and DDLT were associated with statistically similar patient survival and HCC recurrence rates.
Immunosuppression
Patients who undergo LT require lifelong immunosuppression to prevent immunologic graft loss, but patients who had pretransplant HCC are in a unique situation. Higher levels of immunosuppression can potentially contribute to the risk of tumor recurrence and lower levels can lead to graft rejection. In a study by Vivarelli et al., higher serum concentrations of cyclosporine were independently associated with a higher incidence of tumor recurrence and poorer recurrence-free survival [56] . This was also shown to be true by a more recent study from Europe where they demonstrated that higher exposure to tacrolimus or cyclosporine within the first month after LT was associated with a significantly increased risk of HCC recurrence [57] . Hence, the minimum appropriate level of immunosuppression that balances both the risk of rejection and recurrence should be maintained.
Sirolimus is a mammalian target of rapamycin inhibitor that has been suggested to have a potentially beneficial role for immunosuppression in patients with HCC who are at high risk for recurrence. Guba et al. initially reported in 2002 that sirolimus can inhibit metastatic tumor progression and angiogenesis in mouse models by potentially blocking the vascular endothelial growth factor pathway [58] . A few small studies from single centers appeared to confirm that this phenomenon holds true in clinical settings [59] [60] [61] . A recent meta-analysis addressed this question and confirmed that patients with HCC who received sirolimus immunosuppression experienced lower recurrence rates (odds ratio (OR)=0.30, p=0.001), lower recurrence-related mortality (OR=0.29, p=0.005), and also lower overall mortality (OR=0.35, p<0.001) when compared with those who did not receive sirolimus [62] . However, sirolimus is associated with hepatic artery thrombosis (when used early), poor wound healing, and higher rates of metabolic complications when compared with calcineurin inhibitors. In fact, the US Food and Drug Administration added a black-box warning to sirolimus in 2008 that its use was associated with excess mortality, graft loss, and hepatic artery thrombosis following LT. Current guidelines do not recommend switching patients with HCC to sirolimus for immunosuppression as high-quality data from clinical trials are not yet available.
Recurrence
Despite stringent pre-transplant selection criteria for HCC, recurrence does occur and it remains a clinical challenge. Ideal intervals for post-transplant surveillance for recurrence are not clear. Broadly, closer surveillance (approximately every 6 months) is recommended in the initial 1-2 years posttransplant and it can be extended to a longer interval afterwards. Recurrence rates depend on pre-transplant inclusion criteria and they vary widely between 5 and 25 % [63] [64] [65] . High pre-transplant alpha-fetoprotein, advanced tumor grade, presence of microvascular invasion in the explant, tumor size beyond Milan criteria on explant, and high serum levels of immunosuppressants have been shown to be risk factors for recurrence in different studies [66] [67] [68] [69] [70] . However, tumor size and grade alone do not accurately reflect tumor biology and hence efforts are underway to identify gene expression profiles in explant tumors to predict the risk for recurrence. A study by Barry et al. analyzed microRNA expression and identified a biomarker panel that was able to accurately distinguish between patients with and without HCC recurrence after LT [71] . In their cohort of 64 patients transplanted for HCC, this biomarker was shown to outperform the Milan criteria in identifying patients at risk for recurrence. With further validation of such scores it may be possible to more accurately predict the risk of recurrence.
An important question is if patients at high risk for recurrence of HCC are able to be identified, can they be treated with adjuvant therapy to decrease the risk of recurrence? HCC has been traditionally considered to be resistant to chemotherapy and some studies that examined the role of conventional chemotherapy as adjuvant treatment in high-risk patients did not show improvement in recurrence rates [72, 73 ]. An animal model study proposed that sorafenib is effective in inhibiting cancer recurrence and metastasis after LT for HCC [74] . Clinical studies are currently underway to hopefully confirm these findings. Preliminary data from a study by Shetty et al. who prospectively evaluated seven patients who received sorafenib adjuvant therapy as they were deemed high risk for recurrence (viable tumor beyond Milan criteria on explant) are promising [75] . In this small study, on comparison to historical controls, they reported that the use of sorafenib was associated with lower rates of recurrence. For now, more robust data are needed before recommendations can be made about adjuvant therapy.
Treatment of HCC recurrence in transplant patients is challenging because these patients are on immunosuppression, have altered anatomy, and are at risk for significant drug-drug interactions; however, theoretically all nonsurgical and surgical therapies that are available to pre-transplant patients may be considered. Resection of intrahepatic recurrence or isolated extra-hepatic metastasis is feasible and Valdivieso et al. reported that patients that underwent resection of recurrent disease did have better survival [76] . In this series, only a very small select group of patients were found to be eligible for R0 resection, and in general, such strategies should be considered palliative rather than curative. TACE is widely employed as a bridging therapy prior to transplantation but its employment in a post-transplant setting is risky given the high propensity for abscess formation and the risk of hepatic artery stenosis/thrombosis. Several small studies have suggested that this is still a safe and feasible treatment, even if the impact on the overall survival does not appear to be profound [77] [78] [79] . Sorafenib has been viewed as an attractive systemic therapeutic option for the management of HCC recurrence. Early reports suggest high rates of adverse effects and discontinuation with sorafenib [80, 81] , and DeSimone et al. recently reported data from a single-center retrospective analysis on LT recipients with unresectable HCC recurrence undergoing combination therapy with everolimus and sorafenib [82] . Of the seven patients in this study, five patients were alive at a median follow-up of 6 months, though four of them with tumor progression. They found that treatment with this combination was challenging as patients had a high incidence of adverse effects. Contrary to most of these above studies, a recent case cohort study of 39 patients with HCC recurrence (best supportive care n=24; sorafenib n=15) reported that sorafenib appeared to be associated with an acceptable safety profile and even survival benefit [83•] .
Conclusion
HCC is a lethal malignancy that develops in the background of chronic liver disease in more than 95 % of cases. LT can provide a curative option that addresses both the cancer and the underlying liver disease. Unfortunately, given the current extreme shortage of donor organs, not all patients who would benefit from LT are able to undergo transplantation. Thus, it is imperative to ensure that recipients of organs do not have unfavorable features that can lead to an increased risk of tumor recurrence or graft failure. Hence, very strict tumor size and number criteria (Milan criteria) have been established to identify patients with HCC who have an acceptable risk profile for transplantation. Patients who are eligible for LT, because of a prolonged time on the wait list or they face the risk of tumor progression beyond Milan criteria, may be treated with bridging LRT to maintain eligibility for transplantation. This approach is recommended mostly for patients who are expected to stay on the wait list for longer than 6 months. Some centers also treat patients with larger tumors with LRT to downstage tumor size and then list for LT, though it is not yet accepted as a standard of care. Although initial reports suggested that LDLT could be associated with higher recurrence rates, this does not appear to be reflected in more recent data and LDLT remains an excellent treatment option for HCC in regions with a prolonged waiting time. The minimum appropriate level of immunosuppression should be maintained in HCC patients, and sirolimus and everolimus may have a beneficial role in patients at increased risk of recurrence, though the current data are very limited. Recurrence of HCC after LT occurs in around 10 % of patients and these patients have a poor prognosis.
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